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Radio frequency waves are routinely used in tokamak fusion plasmas for plasma heating,
current control, and as well as in diagnostics. These waves are excited by antenna
structures placed near the tokamak’s wall and they have to propagate through a turbulent
layer known as scrape-off layer, before reaching the core plasma (which is their target).
This layer exhibits coherent density fluctuations in the form of blobs and filaments. The
scattering processes of RF plane waves by single blob is studied, with the assumption
that the blob has cylindrical shape and infinite length. The axis of the blob is not
necessarily aligned with the externally applied magnetic field in the case of plane waves.
The investigation concerns the case of Electron Cyclotron (EC) waves (f0=170 GHz) for
ITER-like and Medium Size Tokamak applications (such as TCV, ASDEX-U, DIII-D,
etc) as well as the case of Low Hybrid (LH) waves (f0=4.6 GHz) for ALCATOR C-MOD
Tokamak device. The study covers for a variety of density contrasts between the blobs
and the ambient plasma and a wide range of blob radii.
1. Introduction
An external antenna structure at the edge of a tokamak fusion device, excites radio
frequency waves for plasma heating and plasma current generating. These waves, have
to propagate through a turbulent scrape-off layer before they reach their target, which
is the plasma core. The scrape-off layer consists of blobs and filaments surrounded by
the ambient plasma, which differ from their background environment with respect to the
plasma electrons density. As a result, the plasma permittivity of this layer’s filaments is
different from the background plasma’s permittivity. For this reason, the characteristic
properties of the incident radio frequency waves can change during their transition
through the scrape-off layer, so that the RF waves are modified by the fluctuations
inside it.
The study of the effects that the propagation through a different dielectric media
(like blobs) has on the incident’s wave properties (like electric field’s intensity, Poynting
vector’s direction etc.) could be studied by using the geometric optics approximation.
However, there is a limitation for the geometric optic’s results to be valid: the electrons
density of the filament nfila must be near equal to the ambient electrons density nambi,
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so that the relative density contrast between the blob and the ambient electrons density
is δn ≡ |nfila − nambi|/nfila  1, which does not happen. A typical experimental range
of values for δn is inside (0.05, 1). So, one can understand that there is a physical reason
to derive a more general approach with validity in a larger domain which of course, must
include the electron densities domain of interest.
In this paper, Maxwell’s equations and other mathematical tools (like Fourier transfor-
mation, Bessel functions, cylindrical vector functions, etc.) are used to derive a full-wave
analytical model for the scattering process of RF waves by cylindrical density filaments.
The study described, follows the study of the previous Scattering of radio frequency waves
by cylindrical density filaments in tokamak plasmas (Ram A. K., Hizanidis K.), but has
more general validity: There is no limitation for the axis of the cylindrical filament to
be aligned to the externally imposed magnetic field. The magnetic field is in angle φ0
with respect to the axis of the cylinder. It must be noted that for the purposes of this
paper, the toroidal plasma is assumed to have a large aspect ratio, approximated by an
infinitely extended slab where the filaments exist and the magnetic field is homogeneous.
In addition, the axis of the cylindrical blob is assumed to have infinite length, so that
the effects due to the ends of a filament of finite axial length can be ignored. Also,
the thermal effects in the scrape-off layer are not taken into account, in order for the
background ambient plasms as well as the filament to be assumed cold and uniform with
the permittivity being the one of a cold plasma.
Except of the larger ranges of validity for the electrons densities relative contrast
between the interior and the exterior of the blob region that the full-wave model offers,
there are in parallel some physical phenomena included, that the geometric optics
approximation does not describe. First of all, except of refraction, in the full-wave model
reflection, diffraction and shadowing are also studied. More, the fluctuations can couple
power to other plasma waves (e.g. an ordinary mode wave can activate an extraordinary
mode one and vice versa). In addition, the scattered waves propagate in all radial
directions of the cylindrical filament and not only forward to the core, so that there
are losses on the incident power.
Another assumption of different kind that is made in this study, is that the fluctuations
in the scrape-off layer are static, which means that they stand still where they are. In
fact, the fluctuations are moving but there is nothing wrong with the assumption that
they do not move, while according to experimental results, the speed of the toroidal
propagation of the fluctuations around the tokamak is about 5 ∗ 103 m/s, about five
orders of magnitude below the RF waves propagation speed which is nearly the well-
known speed of light.
Concerning the structure of this paper and the procedure of this study, by starting
from a geometrical description, the Maxwell’s equations, the dispersion relation and by
making a mathematical analysis with the help of some mathematical tools (like Fourier
transformations, coordinate systems transformations, cylindrical vector functions, etc),
the Poynting vector in the forward (to the plasma core) direction is exported. In parallel,
the electric and magnetic field components as well as the Poynting vector rest components
are calculated. This analytical study, is followed by a numerical one, in which the way
the fluctuations affect the RF waves propagation to the core is presented. The numerical
study, covers a variety of different blob radii, different magnetic field inclinations with
respect to the filament axis and different relative density contrasts between the blob and
the ambient electrons density. It must be also noted that, the results received from an
incident radio frequency wave of O-mode are different compared to the ones from the
X-mode radio frequency wave.
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Figure 1. Magnetic field and cylinder coordinate systems
2. Useful formulas for the geometry
2.1. Transforming from the magnetic field coordinate system to the infinite-length
cylindrical filament coordinate system
We first consider the magnetic field lines to be parallel to the (z − x)-plane with z
being the axis of the cylindrical blob. The cylinder has radius a and as mentioned in
the introduction, is assumed to have infinite length. This assumption is acceptable, since
the radius a is much smaller than it’s length. As a result, there are not taking place
effects due to the ends of a finite-size filament. In addition, the electrons density inside
the cylinder as well as the electrons density outside is considered as homogeneous and
the plasma is assumed to be cold. It must be also mentioned that in this full-wave model,
there is no limitation for the ratio of these two different densities.
Let φ0 be the angle of the magnetic field lines (axis z
′) with respect to z. In order to
transform between the Cartesian coordinate systems of the blob and the magnetic field
one has to rotate around the fixed axis y with the help of the turning matrix
↔
Ry(φ0) ≡
cosφ0 0 − sinφ00 1 0
sinφ0 0 cosφ0
 (2.1)
to obtain:xˆ′yˆ′
zˆ′
 = ↔Ry(φ0)
xˆyˆ
zˆ
 ,
xˆyˆ
zˆ
 = ↔Ry(−φ0)
xˆ′yˆ′
zˆ′
 ≡ ↔R−1y (φ0)
xˆ′yˆ′
zˆ′

where the primed unit vectors refer to the magnetic field line coordinate system with the
same y-axis. Similarly, for any vector a:a′xa′y
a′z
 = ↔Ry(φ0)
axay
az
 ,
axay
az
 = ↔Ry(−φ0)
a′xa′y
a′z
 ≡ ↔R−1y (φ0)
a′xa′y
a′z

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and (
a′x a
′
y a
′
z
)
=
(
ax ay az
)↔
Ry(−φ0) ≡
(
ax ay az
)↔
R
−1
y (φ0)
(
ax ay az
)
=
(
a′x a
′
y a
′
z
)↔
Ry(φ0)
2.2. Transforming from Cartesian to cylindrical coordinates and vice-versa
While being in the cylinder (blob) - based frame of reference, one can transform from
cartesian coordinate system to cylindrical coordinates in the same frame. Thus, by using
the transformation matrix
↔
Rc(ϕk) =
cosϕk − sinϕk 0sinϕk cosϕk 0
0 0 1

one obtains:xˆyˆ
zˆ
 = ↔Rc(ϕk)
 rˆϕˆ
zˆ
 ,
 rˆϕˆ
zˆ
 = ↔Rc(−ϕk)
xˆyˆ
zˆ
 ≡ ↔R−1c (ϕk)
xˆyˆ
zˆ

Here, ϕk refers to the azimuthal angle in the blob-based coordinate system. Similarly,
for any vector a:axay
az
 = ↔Rc(ϕk)
araϕ
az
 ,
araϕ
az
 = ↔Rc(−ϕk)
axay
az
 ≡ ↔R−1c (ϕk)
axay
az

and (
ax ay az
)
=
(
ar aϕ az
)↔
Rc(−ϕk) ≡
(
ar aϕ az
)↔
R
−1
c (ϕk)(
ar aϕ az
)
=
(
ax ay az
)↔
Rc(ϕk)
3. Incident wave
The wavevector of the RF wave is symbolized k and the radial position vector r. By
normalizing these two vectors to the dimensionless ones η ≡ kc/ω and ρ ≡ rω/c with c
being the speed of light in vacuum and ω = 2pif being the angular frequency (while f is
the frequency). The dot product of η ·ρ (which is the normalized k · r) can be calculated
in cylindrical coordinates as:
η · ρ = (χ ψ ζ)
ηxηy
ηz

=
(
ρ cosϕ ρ sinϕ ζ
)↔
Rc(ϕk)
ηr0
ηz
 = ηrρ cos(ϕ− ϕk) + ηζζ
where ϕ and ϕk are the azimuthal angles between the x-axis and ρ and η, respectively.
From now on, the subscript index ”0” is used when referring to the incident wave, for
which one may write:
η0 · ρ = η0rρ cos(ϕ− ϕ0k) + η0zζ
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where, now, the azimuthal angle is not in general zero. The normalized to its amplitude
incident electric field intensity is:
E0
E0
exp(iη0 · ρ) ≡ eP0 exp {i [η0rρ cos(ϕ− ϕ0k + η0zζ]}
In terms of the exponential dyadic involving the vector cylinder functions mn, nn, ln
in the cylinder frame of reference (convenient) one has
eP0 exp(iη0r · ρ) = eP0 ·
n=∞∑
n=−∞
[a0nmn(η0rρ, η0zζ, ϕ) + b0nnn(η0rρ, η0zζ, ϕ)
+c0nln(η0rρ, η0zζ, ϕ)]
The cylindrical vector functions in cylindrical coordinates are as follows:
mn(ηrρ, ηzζ, ϕ) ≡
[
in
Zn(ηrρ)
ρ
rˆ− dZn(ηrρ)
dρ
ϕˆ
]
exp [i(ηzζ + nϕ)]
nn(ηrρ, ηzζ, ϕ) ≡
{
ηz
η
[
i
dZn(ηrρ)
dρ
rˆ− nZn(ηrρ)
ρ
ϕˆ
]
+
η2r
η
Zn(ηrρ)ζˆ
}
exp [i(ηzζ + nϕ)]
and
ln(ηrρ, ηzζ, ϕ) ≡
[
dZn(ηrρ)
dρ
rˆ + in
Zn(ηrρ)
ρ
ϕˆ+ iηzZn(ηrρ)ζˆ
]
exp [i(ηzζ + nϕ)]
Note that these vector functions are expressed in terms of the position in space (in
cylindrical coordinates) while the wave enters only via its axial and radial refractive index
in the cylinder frame of reference. For the incident wave the Bessel functions involved
are Jn. The vector functions obey the following relations:
∇ ·mn = 0, ∇ · nn = 0, ∇ · ln = −η2Zn exp [i(ηzζ + nϕ)]
as well as:
∇× ln = 0, ∇×mn = ηnn, ∇× nn = ηmn
3.1. Calculations of the vectors an, bn, cn in general
Because of the completeness property of the vector cylindrical functions, the vectorial
coefficients an, bn and cn in the dyadic of the exponential can be calculated for the
incident or the blob fields and the applied as well in the expressions for the scattered
fields. Note that the index ”k” is referring to the cylindrical filament’s coordinate system.
So, in the Cartesian coordinate system of the cylinder it is:xˆyˆ
zˆ
 eiρ·ηk = n=∞∑
n=−∞
axknaykn
azkn
mn +
bxknbykn
bzkn
nn +
cxkncykn
czkn
 ln

where after calculations, the coefficients are:axknaykn
azkn
 =
− sinϕkcosϕk
0
 in+1e−inϕk
ηkr
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bxknbykn
bzkn
 = −in ηkz
ηkηkr
e−inϕk
cosϕksinϕk
− ηkrηkz

cxkncykn
czkn
 = −in+1 e−inϕk
η2k
ηkr cosϕkηkr sinϕk
ηkz

4. Propagation of RF waves in plasma and the dispersion relation
4.1. The electric field in general
For a cold plasma, the Faraday equation can be combined with the Ampere equation
in the Fourier domain to produce the following:
ε0∇×∇×E(r)−
(ω
c
)2
D(r) = 0
It is assumed that the plasma equilibrium is time independent and the linearized per-
turbed electromagnetic fields have a time dependence of the form e−iωt, with t being the
time. In normalized wave vector representation:
E(r) =
∫ ∫ ∫
d3ηE(η) exp(iη · ρ)
The combination of these two equations leads to:
E(r) =
∫ ∫ ∫
d3η
↔
∆(η)E(η) exp(iη · ρ)
where the dispersion tensor
↔
∆(η) appears. For non-trivial solutions for the electric field
intensity, the determinant of the dispersion tensor must be zero. The latter requirement,
the dispersion relation in other words, selects the sub-manifold in the Fourier space where
non-trivial electric field Fourier components exist. That is:
D(η) ≡ det
[↔
∆(η)
]
= 0
or, in a cylindrical frame of reference for the wave vector with a z-axis aligned with the
cylinder’s z-axis:
D(ηkr, ηkz, ϕk) = 0
which it turns out to be a fourth order equation with respect to ηkr (see in the following).
Thus:
E(ρ) =
4∑
M=1
∫ 2pi
0
dϕk
∫ ∞
−∞
dηkzEk [ηkr(ηkz, ϕk), ηkz, ϕk] exp(iηk · ρ)
or, equivalently:
E(ρ, ϕ, ζ) =
4∑
M=1
∫ 2pi
0
dϕk
∫ ∞
−∞
dηkzE
M
k
[
ηMkr(ηkz, ϕk), ηkz, ϕk
]
exp
{
i
[
ρηMkr cos(ϕ− ϕk) + ηkzζ
]}
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with the letter ”M ” referring to the number of the solution (while in general, there are
four solutions for any fourth-order equation). One may introduce a factor of 12pi in front
of these expressions in order to realate easily back to the case of the aligned cylinder.
4.2. The dispersion relation exportation
In the magnetic field frame of reference (previously primed), in cartesian coordinates
the permittivity tensor has the form:
↔
K
cart
mag =
K⊥ −iK× 0iK× K⊥ 0
0 0 K‖

With the help of some formulas mentioned previously, the permittivity tensor can be
expressed in the cylider frame of reference, in cartesian coordinates:
↔
K
cart
fila =
↔
R
−1
y (φ0)
↔
K
cart
mag
↔
Ry(φ0)
which after the calculations give:
↔
K
cart
fila =
 K⊥c20 +K‖s20 −iK×c0 c0s0(K‖ −K⊥)iK×c0 K⊥ −iK×s0
c0s0(K‖ −K⊥) iK×s0 K⊥s20 +K‖c20

where
c0 ≡ cosφ0, s0 ≡ sinφ0
It has to be emphasized, that the angle φ0 is the angle between the axis of the cylindrical
filament and the magnetic field line and must not be confused with the azimuthal angles in
the cylindrical coordinate systems, which in general are symbolized as ϕ. The dispersion
tensor, can be calculated from the permittivity tensor, in the same frame of reference
and the same coordinate system, by using the following:
↔
∆
cart
fila =
↔
K
cart
fila +
(
ηη − Iη2)cart
fila
So, it is obtained that:
↔
∆
cart
fila =
K⊥c20 +K‖s20 − η2y − η2z −iK×c0 + ηxηy c0s0(K‖ −K⊥) + ηxηziK×c0 + ηxηy K⊥ − η2x − η2z −iK×s0 + ηyηz
c0s0(K‖ −K⊥) + ηxηz iK×s0 + ηyηz K⊥s20 +K‖c20 − η2x − η2y

Now, in cylindrical coordinates:
↔
∆
cyl
fila =
↔
R
−1
c (ϕk)
↔
∆
cart
fila
↔
Rc(ϕk)
=
↔
R
−1
c (ϕk)
↔
K
cart
fila
↔
Rc(ϕk) + η
cyl
fila
(
ηcylfila
)T − Iη2
Note now that the index in the azimuthal angle refers to a particular wave vector in a
k-space coordinate system with kz component along the axis of the blob and azimuthal
angle of the projection of k on the (x−y) plane with respect to the x-axis of the Cartesian
blob-based system. In the following the azimuthal component of the k-field is actually
zero. Executing the multiplications renders:(
∆cylfila
)
11
= c2k
(
K⊥c20 +K‖s
2
0
)
+K⊥s2k − η2ϕ − η2z
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∆cylfila
)
12
= −skck
(
K⊥c20 +K‖s
2
0
)
+K⊥skck − iK×c0 + ηrηϕ
(
∆cylfila
)
13
= ckc0s0
(
K‖ −K⊥
)− iK×s0sk + ηrηz
(
∆cylfila
)
21
= −skck
(
K⊥c20 +K‖s
2
0
)
+K⊥skck + iK×c0 + ηrηϕ
(
∆cylfila
)
22
= s2k
(
K⊥c20 +K‖s
2
0
)
+K⊥c2k − η2r − η2z
(
∆cylfila
)
23
= −skc0s0
(
K‖ −K⊥
)− iK×s0ck + ηϕηz
(
∆cylfila
)
31
= ckc0s0
(
K‖ −K⊥
)
+ iK×s0sk + ηrηz
(
∆cylfila
)
32
= −skc0s0
(
K‖ −K⊥
)
+ iK×s0ck + ηϕηz
(
∆cylfila
)
33
=
(
K⊥s20 +K‖c
2
0
)− η2r − η2ϕ
where:
ck ≡ cosϕk, sk ≡ sinϕk
and the electric field cylindrical components satisfy the following
↔
∆
cyl
fila
ErEϕ
Ez
cyl
fila
= 0
As it was mentioned before, the azimuthal component for the propagation vector field
k (the azimuthal angle ϕk suffices) is zero. Thus, the dispersion relation written down
previously in the blob cylindrical frame of reference can be simplified as follows:
det
(↔
∆
cyl
fila
)
= 0
This, can be written also as:
det
 Ac2k +K⊥s2k − η2z (K⊥ −A)skck − iK×c0 Dck + ηrηz − iK×s0sk(K⊥ −A)skck + iK×c0 As2k +K⊥c2k − η2r − η2z −Dsk − iK×s0ck
Dck + ηrηz + iK×s0sk −Dsk + iK×s0ck A′ − η2r
 = 0
with:
A ≡ K⊥c20 +K‖s20, A′ ≡ K⊥s20 +K‖c20, D ≡ (K‖ −K⊥)s0c0, sk ≡ sinϕk,
ck ≡ cosϕk
which, for the incident wave [the incident wave is assumed to have the propagation vector
on the (x− z)-plane] becomes (sk = 0, ck = 1):
det
 A− η2z −iK×c0 D + ηrηziK×c0 K⊥ − η2r − η2z −iK×s0
D + ηrηz iK×s0 A′ − η2r
 = 0
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Note that for any mode ηkz is preserved, that is, it is set by the incident one, η0z.
Therefore, one obtains, dropping the index ”k”:[
K⊥ − (K⊥ −K‖)s20c2
]
η4r
− 2η0z(K⊥ −K‖)s0c0cη3r
+
{
(K⊥ +K‖)(η20z −K⊥) +K2× +
[
(K2⊥ −K2× −K⊥K‖)c2 + η20z(K⊥ −K‖)s2
]
s20
}
η2r
− 2η0z
[
(K⊥ −K‖)(η20z −K⊥) +K2×
]
s0c0cηr
+K‖
[
(η20z −K⊥)2 −K2×
]
+ η20z
[
(K⊥ −K‖)(η20z −K⊥) +K2×
]
s20 = 0
For the incident wave in the inclined case and the propagation vector on the z− z′ plane
(same as x− z plane), that is for c = 1, s = 0, one obtains
(K⊥c20 +K‖s
2
0)η
4
r
− 2η0z(K⊥ −K‖)s0c0η3r
+
{
(K⊥ +K‖)(η20z −K⊥) +K2× + (K2⊥ −K2× −K⊥K‖)s20
}
η2r
− 2η0z
[
(K⊥ −K‖)(η20z −K⊥) +K2×
]
s0c0ηr
+K‖
[
(η20z −K⊥)2 −K2×
]
+ η20z
[
(K⊥ −K‖)(η20z −K⊥) +K2×
]
s20 = 0
For the aligned cylinder and when the propagation vector is on x−z plane (s0 = 0, c0 =
1), the corresponding equation is:
K⊥η4r +
[
(K⊥ +K‖)(η20z −K⊥) +K2×
]
η2r +K‖
[
(η20z −K⊥)2 −K2×
]
= 0
or, equivalently, introducing the polar angle, ϑ, representation:
(K⊥ sin2 ϑ+K‖ cos2 ϑ)η40 −
[
(K2⊥ −K2×) sin2 ϑ+ (1 + cos2 ϑ)K⊥K‖
]
η20
+ (K2⊥ −K2×)K‖ = 0
which is the standard well-known form (Stix). Back in the general case, we observe that,
for a fixed η0z (which is preserved for an infinite cylinder along the z-axis) the equation
posses four distinct roots for a particular choice of the angle ϕk, labeled η
(M)
r with
M = 1, 2, 3, 4. However, because of the presence of the cosine of the azimuthal angle in
the odd order coefficients, these roots, viewed as functions of the azimuthal angle ϕk, are
symmetric with respect to the midpoint ϕk = pi and hetero-anti-symmetric with respect
to ϕk =
pi
2 and ϕk =
3pi
2 . Thus, from one root function of ϕk, one may construct a second
one by applying the aforementioned symmetries. We may name this pair as ”symmetry-
based pair”. Since there exist four roots, there must exist two symmetry-based pairs.
It is much more convenient to re-label the two pairs according to which one contains
a member which coincides with the radial index of the incident wave (in the cylinder
reference system). That is, one pair for the ambient environment will be labeled as O-
pair (X-pair) if it contains the η0r of an incident O-mode (X-mode). The respective pair
for the blob parameters will retain the same characterization in order to ensure that they
coincide in the limit of zero contrast (between inside and outside). The remaining pair
automatically will be labeled as X-pair (O-pair). Therefore, one may introduce the indices
O1, O2, X1, X2 where now O1, O2 and X1, X2 being the two symmetry-based pairs. The
symmetries are as follows M = O,X:
ηMikr (ϕk = 0→ pi) = −ηM3−ikr (ϕk = pi → 0)
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Figure 2. Symmetry-based pairs (O and X)
and
ηMikr (ϕk = 0→ pi) = −ηMikr (ϕk = 2pi → pi)
or, equivalently:
ηMikr (ϕk) = η
Mi
kr (2pi − ϕk) = −ηM3−ikr (pi − ϕk) = −ηM3−ikr (pi + ϕk)
Of course, for ϕk = pi,
3pi
2 the members of each pair are opposite (in the general sense). In
the following, only one member of each pair will enter into play: In case of real roots only
the positive (O and X) ones. In the case of imaginary roots, only the ones with positive
imaginary part. And finally, for the case of complex roots (there will be two complex
conjugate pairs for real ηz), the ones with positive imaginary part. These two roots are
going to be used in the polarizations below.
5. Polarizations
A propagating incident wave, depending on the conditions of the ambient medium is
considered to be either an O- or an X-mode (in the following the labeling ”O” and ”X”
refer to the incident field). The homogeneous system is:
 Ac2 +K⊥s2 − η20z (K⊥ −A)sc− iK×c0 Dc+ ηrη0z − iK×s0s(K⊥ −A)sc+ iK×c0 As2 +K⊥c2 − η2r − η20z −Ds− iK×s0c
Dc+ ηrη0z + iK×s0s −Ds+ iK×s0c A′ − η2r
ErEϕ
Ez
 = 0
From the homogeneous system one obtains (suitable for the O-mode in the previous case
of the aligned cylinder):
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(
rPOr
rPOϕ
)
=
(
(K⊥c20 +K‖s
2
0)c
2 +K⊥s2 − η20z (K⊥ −K‖)s20sc− iK×c0
(K⊥ −K‖)s20sc+ iK×c0 (K⊥c20 +K‖s20)s2 +K⊥c2 − η2
)−1
(
(K⊥ −K‖)s0c0c− ηrη0z + iK×s0s
−(K⊥ −K‖)s0c0s+ iK×s0c
)
rPOz = 1
For the X-mode we obtain:
rPXr = 1(
rPXϕ
rPXz
)
=
(
η2 − (K⊥c20 +K‖s20)s2 −K⊥c2 −(K⊥ −K‖)s0c0s+ iK×s0c
−(K⊥ −K‖)s0c0s− iK×s0c η2r −K⊥s20 −K‖c20
)−1
(
(K⊥ −K‖)s20sc+ iK×c0
ηrη0z − (K⊥ −K‖)s0c0c+ iK×s0s
)
Note that the vectorial expression for the O-mode type of polarizations is
ePO ≡
EOz
E0
(kˆrr
P
Or + kˆϕr
P
Oϕ + kˆzr
P
Oz) ≡ ePOzrPO
and respectively, for the X-mode type polarization,
ePX ≡
EXϕ
E0
(kˆrr
P
Xr + kˆϕr
P
Xϕ + kˆzr
P
Xz) ≡ ePXϕrPX
with the hat signifying unit vectors in k-space. It is useful to renormalize the polarization
in such a way that leads in both cases to unitary complex vector of polarization, that is,
ePO ≡ ePOz
√
rPO · (rPO)∗(kˆrEˆPOr + kˆϕEˆPOϕ + kˆzEˆPOz) ≡ ePOz
√
rPO · (rPO)∗EˆPO ≡ cPOEˆPO(η0)
and
ePX ≡ ePXϕ
√
rPX · (rPX)∗(kˆrEˆPXϕ + kˆϕEˆPXz + kˆzEˆPXz) ≡ ePXϕ
√
rPX · (rPX)∗EˆPX ≡ cPXEˆPX(η0)
where, by definition now:
EˆPM · (EˆPM )∗ = 1, M = O,X
and the corresponding normalized vectorial electric field intensities ePO and e
P
X are
proportional to the respective unitary complex polarization vectors via the arbitrary
coefficients cPM (the polarization amplitudes) which are functions of the azimuthal angle
and η0z. Because of azimuthal symmetries described previously and the requirement of
azimuthal continuity (azimuthal invariance under a rotation by pi) they are related within
pairs of modes (independently O or X). They are also periodic functions of the azimuthal
angle. For this reason they can be written as a superposition of azimuthal modes which
form a complete basis, that is:
cPMs(ϕk, ηkz) =
n=∞∑
n=−∞
εMsn (ηkz)e
inϕk
where εMsn (ηkz) are going to be determined. For the incident field we always set c
P
k = 1
for either O- or X-mode. We now calculate the following dot products:
ePk · am, ePk · bm, ePk · cm; k = O,X
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that is (from known formulas for am, bm and cm in Cartesian form expressed in terms
of the radial component and the azimuth):
ePk · am = cPk (EˆPkrkˆr + EˆPkϕkϕˆk + EˆPkz zˆ) · (−xˆ sinϕk + yˆ cosϕk)
im+1 exp(−imϕk)
ηkr
ePk · bm =− cPk (EˆPkrkˆr + EˆPkϕkϕˆk + EˆPkz zˆ) · (xˆηkz cosϕk + yˆηkz sinϕk − zˆηkr)
im exp(−imϕk)
ηkηkr
ePk · cm =− cPk (EˆPkrkˆr + EˆPkϕkϕˆk + EˆPkz zˆ) · (xˆηkr cosϕk + yˆηkr sinϕk + zˆηkz)
im+1 exp(−imϕk)
η2k
On the other hand, one has:
kˆr · xˆ = cosϕk, ϕˆk · xˆ = − sinϕk, zˆ · xˆ = 0
kˆr · yˆ = sinϕk, ϕˆk · yˆ = cosϕk, zˆ · yˆ = 0
kˆr · zˆ = 0, ϕˆk · zˆ = 0, zˆ · zˆ = 1
Therefore:
ePk · am = cPk EˆPkϕk
im+1 exp(−imϕk)
ηkr
ePk · bm = cPk (EˆPkzηkr − EˆPkrηkz)
im exp(−imϕk)
ηkηkr
ePk · cm = −cPk (EˆPkrηkr + EˆPkzηkz)
im+1 exp(−imϕk)
η2k
Note that for the incident wave we set the coefficients cPk = 1 and replace k by ”k0”.
Note also that in all the following, the following definition holds:
η2 ≡ η2r + η20z
So, the previously obtained results are taking the form:
rPXr = 1
rPXϕ =
1
dX
(K⊥ −K‖)ηrη0zs0c0s+
[
K2× − (K⊥ −K‖)(K⊥ − η2r)
]
css20
− iK×
[
(K‖ − η2r)c0 + ηrη0zs0c
]
rPXz =
1
dX
(K⊥ −K‖)
[
ηrη0zs0s
2 + (K⊥ − η2)c0c
]
s0 − (K⊥ − η2)ηrη0z −K2×s0c0c
− iK×(K‖ − η2)s0s
where
dX ≡ −(K⊥ − η2)η2r − η2K‖c20 + (s2s20 + c20)K⊥K‖
+
{[
K⊥(K⊥ − η2r)−K2×
]
c2 −K‖η2rs2 −K⊥η20z
}
s20
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and
rPOr =
1
dO
(K⊥ −K‖)
[
ηrη0zs0s
2 + (K⊥ − η2)c0c
]
s0 − (K⊥ − η2)ηrη0z −K2×c0s0c
+ iK×(K‖ − η2)ss0
rPOϕ =
1
dO
{
K2×c0 +
[
ηrη0zcs0 − (K⊥ − η20z)c0
]
(K⊥ −K‖)
}
ss0
+ iK×
[
(K‖ − η20z)s0c+ ηrη0zc0
]
rPOz = 1,
where
dO ≡ (η2 − η2rs2)(K⊥ −K‖)s20 + (K⊥c20 +K‖s20 − η2)K⊥ − (K⊥ − η2)η20z −K2×c20
5.1. Special case: Incidence on the plane (z− z′)
In this case s = 0 and c = 1. Thus,
rPXr = 1
(
rPXϕ
rPXz
)
=

−iK×
[
(K‖ − η2r)c0 + ηrη0zs0
]
(K⊥ − η2)(K⊥s20 +K‖c20 − η2r)−K×s20[
(K⊥ −K‖)(K⊥ − η2)−K2×
]
s0c0 − (K⊥ − η2)ηrη0z
(K⊥ − η2)(K⊥s20 +K‖c20 − η2r)−K×s20

and
(
rPOr
rPOϕ
)
=

[
(K⊥ −K‖)c0s0 − ηrη0z
]
(K⊥ − η2)−K2×c0s0
(K2⊥ −K2×)c20 − η2(K⊥c20 +K‖s20)− η20z(K⊥ − η2) +K‖K⊥s20
iK×
[
(K‖ − η20z)s0 + ηrη0zc0
]
(K2⊥ −K2×)c20 − η2(K⊥c20 +K‖s20)− η20z(K⊥ − η2) +K‖K⊥s20

rPOz = 1
For the aligned cylinder these boil down to:
rPXrrPXϕ
rPXz
 =

1
−iK×
(K⊥ − η2)−ηrη0z
K‖ − η2r
 and
rPOrrPOϕ
rPOz
 =

−ηrη0z(K⊥ − η2)
(K⊥ − η20z)(K⊥ − η2)−K2×
iK×ηrη0z
(K⊥ − η20z)(K⊥ − η2)−K2×
1

Note that in the aligned cylinder and for a propagation vector on the x − z plane, the
four roots are:
η(±O)r = ±
1√
2K⊥
{
(K⊥ +K‖)(K⊥ − η20z)−K2×
+
√[
(K⊥ −K‖)2(K⊥ − η20z)− 2K2×(K⊥ +K‖)
]
(K⊥ − η20z) + (4K⊥K‖ +K2×)K2×
} 1
2
η(±X)r = ±
1√
2K⊥
{
(K⊥ +K‖)(K⊥ − η20z)−K2×
−
√[
(K⊥ −K‖)2(K⊥ − η20z)− 2K2×(K⊥ +K‖)
]
(K⊥ − η20z) + (4K⊥K‖ +K2×)K2×
} 1
2
14 S. I. Valvis, K. Hizanidis and P. Papagiannis
that is, two O-type and two X-type. Note that +M(−M) corresponds to M1(M2)
with M = O,X. Therefore, each pair consists of two opposite complex roots in general.
From these pairs emanate the four roots in the inclined cylinder case that cease to form
pairs as before but they are close to forming pairs as the inclination approaches zero.
However, the four roots as functions of the azimuthal angle form ”symmetry-based pairs”
as we have shown before. In the following we may continue labeling the roots as O-type
and X-type according to which type they fall to as the inclination goes to zero. For the
field-aligned cylinder and the propagation vector on the x−z plane one can easily observe
that: (
rPXϕ(−ηr)
rPXz(−ηr)
)
=
(
rPXϕ(ηr)
−rPXz(ηr)
)
,
(
rPOr(−ηr)
rPOϕ(−ηr)
)
=
(−rPOr(ηr)
−rPOϕ(ηr)
)
In the general case, on the other hand, we have shown that
ηMikr (ϕk) = η
Mi
kr (2pi − ϕk) = −ηM3−ikr (pi − ϕk)
but nothing can be said as a general statement for the symmetries of the polarizations
as functions of the azimuthal angle; unless, of course, the roots ηr are all real (or, purely
imaginary). In the following only one member of each pair will enter into play: In case
of real roots only the positive (O and X ones). In the case of imaginary roots only the
ones with positive imaginary part. And, finally, for the case of complex roots (there will
be two complex conjugate pairs for real ηz) the ones with positive imaginary part.
6. Back to the field expressions
Normalizing the previously found general expression for the electric field, one obtains:
e(r) =
E(r)
E0
=
∫ 2pi
0
dϕk
∫ ∞
−∞
dηkz∑
M=O,X
{
eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz] + e
M
k [−ηMkr(ϕk, ηkz), ϕk, ηkz]
}
eiη
M
krρ cos(ϕ−ϕk)+iηkzζ
where the eigenmodes under the integral sign are pice-wise spatially constant. For the
incident field on the other hand,
e0(r) =
E0(r)
E0
= e0(ϕ0, η0z)e
iη0rρ cos(ϕ−ϕ0)+iη0zζ
In terms of the cylindrical vector functions and the exponential dyadic, we have:
eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz]e
iηMkrρ cos(ϕ−ϕk)+iηkzζ =
m=∞∑
m=−∞
{
eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz] · am[ηMkr(ϕk, ηkz), ϕk, ηkz]mm[ρηMkr(ϕk, ηkz), ϕ, ζηkz]
+eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz] · bm[ηMkr(ϕk, ηkz), ϕk, ηkz]nm[ρηMkr(ϕk, ηkz), ϕ, ζηkz]
+eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz] · cm[ηMkr(ϕk, ηkz), ϕk, ηkz]lm[ρηMkr(ϕk, ηkz), ϕ, ζηkz]
}
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and respectively, for the incident field:
e0(η0r, η0z, ϕ0), e
iη0rρ cos(ϕ−ϕ0)+iη0zζ =
m=∞∑
m=−∞
{e0(η0r, η0z, ϕ0) · am(η0r, η0z, ϕ0)mm(ρη0r, η0zζ, ϕ0)
+e0(η0r, η0z, ϕ0) · bm(η0r, η0z, ϕ0)nm(ρη0r, η0zζ, ϕ0)
+e0(η0r, η0z, ϕ0) · cm(η0r, η0z, ϕ0)lm(ρη0r, η0zζ, ϕ0)}
However,
eMk [η
M
kr(ϕk, ηkz), ϕk, ηkz] = c
P
M (ϕk, ηkz)Eˆ
P
M [η
M
kr(ϕk, ηkz), ϕk, ηkz]
=
n=∞∑
n=−∞
εMn (ηkz)e
inϕkEˆPM [η
M
kr(ϕk, ηkz), ϕk, ηkz]
Note that for the aligned cylinder the polarizations and the radial component of the
propagation vector do not explicitly depend on the azimuthal angle. From previous
calculations we have in Cartesian form:
am = i
m+1 e
−imϕk
ηkr
− sinϕkcosϕk
0
 , bm = −im ηkzeimϕk
ηkηkr
cosϕksinϕk
− ηkrηkz
 ,
cm = −im+1 e
−imϕk
η2kr
ηkr cosϕkηkr sinϕk
ηkz

Introducing the formulas for the inner products as well as the azimuthal expansion of
the polarization amplitudes, one obtains in normalized form:
e(r) =
m=∞∑
m=−∞
im
∫ 2pi
0
dϕk
∫ ∞
−∞
dηkz
∑
M=O,X
n=∞∑
n=−∞
εMn (ηkze
i(n−m)ϕk
{
i
EˆMkϕk
ηMkr
mm(ρη
M
kr , ϕ, ζηkz) +
EˆMkzη
M
kr − EˆMkrηkz
ηMkrη
M
k
nm(ρη
M
kr , ϕ, ζηkz)
−i Eˆ
M
krη
M
kr + Eˆ
M
kzηkz(
ηMk
)2 lm(ρηMkr , ϕ, ζηkz)
}
For the incident,
e0(r) =
m=∞∑
m=−∞
ime−imϕ0
{
i
Eˆ0ϕ0
η0r
mm(ρη0r, ϕ, ζη0z) +
Eˆ0zη0r − Eˆ0rη0z
η0rη0
nm(ρη0r, ϕ, ζη0z)
−i Eˆ0rη0r + Eˆ0zη0z
η20
lm(ρη0r, ϕ, ζη0z)
}
Notice that for the aligned cylinder the mode selection does not depend on the azimuthal
angle and therefore, the integration over that angle will facilitate the application of
orthogonality condition for the azimuthal dependence. The magnetic field can also be
easily evaluated from Faraday’s law:
h ≡ HH0 =
E0
H0
√
ε0
µ0
1
i
∇× e, h0 ≡ H0H0 =
E0
H0
√
ε0
µ0
1
i
∇× e0
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Therefore:
h(r) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
im
∫ 2pi
0
dϕk
∫ ∞
−∞
dηkz
n=∞∑
n=−∞
∑
M=O,X
εMn (ηkz)e
i(n−m)ϕk
{
EˆMkϕk
ηMkr
ηMk nm(ρη
M
kr , ϕ, ζηkz)− i
EˆMkzη
M
kr − EˆMkrηkz
ηMkr
mm(ρη
M
kr , ϕ, ζηkz)
}
and for the incident
h0(r) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
ime−imϕ0{
Eˆ0ϕ0
η0r
η0nm(ρη0r, ϕ, ζη0z)− i Eˆ0zη0r − Eˆ0rη0z
η0r
mm(ρη0r, ϕ, ζη0z)
}
7. Boundary conditions
The vectorial ones are:
rˆ× (eSC + e0 − eBL) = 0, rˆ× (hSC + h0 − hBL) = 0
where SC and BL stand for the exterior and the interior of the blob respectively. One can
easily express the exterior products involved in the boundary conditions solely in terms
of the vector functions and the tangential dyadics of unit vectors: zˆrˆ and ϕˆzˆ:
rˆ×mm = i(zˆrˆ) · nm ηk
ηkz
rˆ× nm = i(zˆrˆ) ·mm ηkz
ηk
− (ϕˆzˆ) · nm
rˆ× lm = (zˆrˆ) ·mm − i(ϕˆzˆ) · nm ηkηkz
η2kr
The vector functions are calculated at a (the normalized radius of the cylinder) and the
tangential components of the electric field are matched. By truncating the summation
over n and writing down the conditions for the azimuthal modes, that is for each m with
m = −nmax to m = nmax, we obtain the following linear system to be solved:
n=nmax∑
n=−nmax
(
aO,BLj,mn ε
O,BL
n + a
X,BL
j,mn ε
X,BL
n − aO,SCj,mn εO,SCn − aX,SCj,mn εX,SCn
)
= a0j,m,
j = 1, 2, 3, 4
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with:
aM,BL1,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
iEˆMkϕkJ
′M
m − EˆMkr
mJMm
ηMkra
)
,
aM,SC1,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
iEˆMkϕkH
′(1)M
m − EˆMkr
mH
(1)M
m
ηMkra
)
,
a01,m = e
−imϕ0
(
iEˆ0ϕ0J
′0
m − Eˆ0r
mJ0m
η0ra
)
aM,BL2,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
EˆMkzJ
M
m
)
, aM,SC2,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
EˆMkzH
(1)M
m
)
,
a02,m = e
−imϕ0
(
Eˆ0zJ
0
m
)
aM,BL3,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
[
i
(
EˆMkzη
M
kr − EˆMkrη0z
)
J
′M
m − EˆMkϕkη0z
mJMm
ηMkra
]
,
aM,SC3,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
[
i
(
EˆMkzη
M
kr − EˆMkrη0z
)
H
′(1)M
m − EˆMkϕkη0z
mH
(1)M
m
ηMkra
]
,
a03,m = e
−imϕ0
[
i
(
Eˆ0zη0r − Eˆ0rη0z
)
J
′0
m − EˆM0ϕ0η0z
mJ0m
η0ra
]
,
aM,BL4,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
EˆMkϕkη
M
krJ
M
m
)
,
aM,SC4,mn =
∫ 2pi
0
dϕk
2pi
ei(n−m)ϕk
(
EˆMkϕkη
M
krH
(1)M
m
)
, a04,m = e
−imϕ0
(
Eˆ0ϕ0η0rJ
0
m
)
8. EM fields and Poynting vector
8.1. Synthesizing the fields at arbitrary z
Integrating out the z dependence (denoted by the tilde over the vector functions), one
obtains for the (x− y) plane:
e˜(ρ, ϕ)(BL,SC) =
m=∞∑
m=−∞
im
∫ 2pi
0
dϕk
∑
M=O,X
n=∞∑
n=−∞
εM,(BL,SC)n e
i(n−m)ϕk
[
i
EˆMkϕk
ηMkr
m˜m(ρη
M
kr , ϕ) +
EˆMkzη
M
kr − EˆMkrη0z
ηMkrη
M
k
n˜m(ρη
M
kr , ϕ)
−i Eˆ
M
krη
M
kr + Eˆ
M
kzη0z
(ηMk )
2
l˜m(ρη
M
kr , ϕ)
]
(BL,SC)
h˜(ρ, ϕ)(BL,SC) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
im
∫ 2pi
0
dϕk
∑
M=O,X
n=∞∑
n=−∞
εM,(BL,SC)n e
i(n−m)ϕk
[
EˆMkϕk
ηMkr
ηMk n˜m(ρη
M
kr , ϕ)− i
EˆMkzη
M
kr − EˆMkrη0z
ηMkr
m˜m(ρη
M
kr , ϕ)
]
(BL,SC)
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Respectively for the incident field:
e˜0(ρ, ϕ) =
m=∞∑
m=−∞
ime−imϕ0[
i
Eˆ0ϕ0
η0r
ηMk m˜m(ρη0r, ϕ) +
Eˆ0zη0r − Eˆ0rη0z
η0rη0
n˜m(ρη0r, ϕ)− i Eˆ0rη0r + Eˆ0zη0z
η20
l˜m(ρη0r, ϕ)
]
h˜0(ρ, ϕ) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
ime−imϕ0[
Eˆ0ϕ0
η0r
η0n˜m(ρη0r, ϕ)− i Eˆ0zη0r − Eˆ0rη0z
η0r
m˜m(ρη0r, ϕ)
]
By introducing the respective expressions for the vector cylinder functions, one obtains:
e˜(ρ, ϕ)(BL,SC) =
m=∞∑
m=−∞
imeimϕ
∫ 2pi
0
dϕk
∑
M=O,X
n=∞∑
n=−∞
εM,(BL,SC)n e
i(n−m)ϕk
[
−
(
EˆMkϕk
mZMm
ηMkrρ
+ iEˆMkrZ
′M
m
)
rˆ +
(
EˆMkr
mZMm
ηMkrρ
− iEˆMkϕkZ
′M
m
)
ϕˆ+ EˆMkzZ
M
m zˆ
]
(BL,SC)
h˜(ρ, ϕ)(BL,SC) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
imeimϕ
∫ 2pi
0
dϕk
∑
M=O,X
n=∞∑
n=−∞
εM,(BL,SC)n e
i(n−m)ϕk
{[
iEˆMkϕkη0zZ
′M
m +
(
EˆMkzη
M
kr − EˆMkrη0z
) mZMm
ηMkrρ
]
rˆ
+
[
i
(
EˆMkzη
M
kr − EˆMkrη0z
)
Z
′M
m − EˆMkϕkη0z
mZMm
ηMkrρ
]
ϕˆ+ EˆMkϕkη
M
krZ
M
m zˆ
}
(BL,SC)
Respectively for the incident field:
e˜0(ρ, ϕ) =
m=∞∑
m=−∞
imeim(ϕ−ϕ0)[
−
(
Eˆ0ϕ0
mJ0m
η0rρ
+ iEˆ0rJ
′0
m
)
rˆ +
(
Eˆ0r
mJ0m
η0rρ
− iEˆ0ϕ0J
′0
m
)
ϕˆ+ Eˆ0zJ
0
mzˆ
]
h˜0(ρ, ϕ) =
E0
H0
√
ε0
µ0
m=∞∑
m=−∞
imeim(ϕ−ϕ0)
{[
iEˆ0ϕ0η0zJ
′0
m +
(
Eˆ0zη0r − Eˆ0rη0z
) mJ0m
η0rρ
]
rˆ
+
[
i
(
Eˆ0zη0r − Eˆ0rη0z
)
J
′0
m − Eˆ0ϕ0η0z
mJ0m
η0rρ
]
ϕˆ+ Eˆ0ϕ0η0rJ
0
mzˆ
}
8.2. Calculating the time-independent Poynting vector
Now that all the electric and magnetic field components for every mode and all
regions (incident fields, scattered fields and blob fields), the Poynting vector can be
easily calculated by using the well-known formula:
s˜ =
1
2
Re{e˜× h˜∗}
The last equation is used to export all Poynting vector components for all waves and
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Figure 3. Poynting flux in the forward direction, frequency 170 GHz, blob radius 5 mm (left)
and 10 mm (right), ambient density 1019 m−3 and blob density 1.5× 1019 m−3, magnetic field
inclination 0o, azimuth 0o
of course, is the one from which the numerical results are exported and plotted (in the
next section).
9. Numerical results
By using the above formulas, one can achieve results for a variety of different scattering
processes. In some cases, it is necessary to change the value of one only component while
the others are kept the same, in order to easily understand the effect of each one of them
on the radio frequency scattering.
9.1. The way the blob radius affects RF scattering
Starting with the blob radius, one way to study the effect of the length of the cylinder
radius on the scattering process, is by plotting figures of the time-independent Poynting
vector, especially of the component which points to the forward direction. Both presented
(in the figure 3) cases refer to an ambient density of 1019 m−3 (left) and a blob density
of 5.0 × 1019 m−3 (right), magnetic field inclination zero and azimuth of the incident
wave in the cylinder coordinate system zero. It must be noted that the frequency of the
RF wave has a major role in the scattering effects. The effects are different when the
wavelength is of bigger, smaller or about the same size compared to the fluctuation.
Figure 3 shows the Electron Cyclotron case, at 170 GHz, which has a wavelength of
about 1.7 mm (smaller enough than the blob’s dimensions). On the other hand, for the
Low Hybrid waves at 4.6 GHz, the wavelength is much larger - about 6.5 cm, which is
much bigger than the fluctuation’s dimensions, too.
9.2. The way the blob density contrast affects RF scattering
Another interesting parameter for study, is the density contrast between the cylindrical
filament and the background environment. The electrons density of the filament nfila can
be much different compared to the ambient electrons density nambi, so that the relative
density contrast between the blob and the ambient electrons density can practically vary
enough. A typical experimental range of values for δn ≡ |nfila − nambi|/nfila is inside
(0.05, 1). In figure 4, there are two cases for the Electron Cyclotron waves at frequency
170 GHz for the same cylindrical blob radius, equal to 10 mm. There is neither magnetic
field inclination with respect to the cylinder axis, nor azimuth taken into account. The
left side is for ambient density 1019 m−3 and blob density 5.0×1019 m−3, while the right
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Figure 4. Poynting flux in the forward direction, frequency 170 GHz, blob radius 10 mm,
ambient density 1019 m−3 and blob density 5.0 × 1019 m−3 (left) and 15 × 1019 m−3 (right),
magnetic field inclination 0o, azimuth 0o
Figure 5. Poynting flux in the forward direction, frequency 170 GHz, blob radius 10 mm,
ambient density 2.0× 1020 m−3 and blob density 3.0× 1020 m−3, magnetic field inclination 5o,
azimuth 0o
side is for the same ambient density, but blob density is higher equal to 15× 1019 m−3,
so that the density contrast is different.
9.3. RF scattering with magnetic field inclination with respect to the cylinder axis
In figure 5, one can see the effect that the magnetic field inclination with respect to the
cylinder axis has on the radiofrequency waves scattering. The magnetic field is chosen
to be in angle of 5o with respect to the cylinder axis, while the chosen frequency of 170
GHz is referring again to the Electron Cyclotron waves case, the blob radius is equal to
10 mm, the ambient density is 2.0 × 1020 m−3 the blob density is 3.0 × 1020 m−3 and
there is no azimuth taken into account.
9.4. The way the magnetic field inclination affects RF scattering for non-zero azimuth
The effect that the magnetic field inclination has on RF scattering, can also be studied
in parallel with non-zero azimuth angle. So, in figure 6 the frequency is at 170 GHz (EC),
the blob radius is equal to 10 mm, the ambient density is 1019 m−3 the blob density is
1.5× 1019 m−3, the azimuth is 30o and the magnetic field inclination is 0o (left picture)
and 30o (right picture).
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Figure 6. Poynting flux in the forward direction, frequency 170 GHz, blob radius 10 mm,
ambient density 1019 m−3 and blob density 1.5× 1019 m−3, magnetic field inclination 0o (left)
and 30o (right), azimuth 30o
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